Abstract: (1) Background: We tested the hypothesis that hyaluronic acid (HA) can significantly promote the osteogenic potential of BMP-2/ACS (absorbable collagen sponge), an efficacious product to heal large oral bone defects, thereby allowing its use at lower dosages and, thus, reducing its side-effects due to the unphysiologically-high doses of BMP-2; (2) Methods: In a subcutaneous bone induction model in rats, we first sorted out the optimal HA-polymer size and concentration with micro CT. Thereafter, we histomorphometrically quantified the effect of HA on new bone formation, total construct volume, and densities of blood vessels and macrophages in ACS with 5, 10, and 20 µg of BMP-2; (3) Results: The screening experiments revealed that the 100 µg/mL HA polymer of 48 kDa molecular weight could yield the highest new bone formation. Eighteen days post-surgery, HA could significantly enhance the total volume of newly-formed bone by approximately 100%, and also the total construct volume in the 10 µg BMP-2 group. HA could also significantly enhance the numerical area density of blood vessels in 5 µg BMP-2 and 10 µg BMP-2 groups. HA did not influence the numerical density of macrophages; and (4) Conclusions: An optimal combined administration of HA could significantly promote osteogenic and angiogenic activity of BMP-2/ACS, thus potentially minimizing its potential side-effects.
Introduction
Recombinant human bone morphogenetic protein-2 (BMP-2) has been in clinical use mainly for the generation of spinal fusions for more than a decade [1, 2] . In recent years, BMP-2 has also been proven to be an efficacious way to promote bone regeneration in the field of dentistry and maxillofacial surgery, such as ridge aµgmentation [3] , sinus lift [4] , and periodontal and peri-implant [5] bone regeneration. It is able to accelerate bony healing processes, and substitute autologous bone transplantation [6, 7] . Overall, its clinical use is quite successful; however, the use of BMP-2 is, unfortunately, associated with a number of severe undesired side effects that are able to seriously impair the health of patients and the musculoskeletal functions of the treated patients [7, 8] . Such side-effects include, among others, ectopic bone formation, paralysis, and neurological disturbances [9, 10] ; but malignant pathologies are not involved [11, 12] . 
Main Experiment
Twenty-four eight-week-old male SD rats were used for the main experiment; and in each animal two 8 mm diameter BMP-2/ACS implants were placed. Eight experimental groups (n = 6 samples and six animals per group) were set up as following: G1: no BMP-2, ACS alone; G2: BMP-2/ACS, 5 µg BMP-2; G3: BMP-2/ACS, 10 µg BMP-2; G4: BMP-2/ACS, 20 µg BMP-2; G5: no BMP-2, ACS alone + 2µg HA; G6: BMP-2/ACS (5 µg BMP-2) + 2 µg HA; G7: BMP-2/ACS (10 µg BMP-2) + 2 µg HA; G8: BMP-2/ACS (20 µg BMP-2) + 2 µg HA.
A preimplantation control group of ACS sponges was also included in the study in order to determine the basic carrier volume before implantation as a time 0 reference volume.
In the groups containing HA, this compound was used at a concentration of 100 µg HA/mL, and the amount of 20 µL solution was added per sample. Samples were then stored overnight under aseptic conditions in a sterile hood for induction of sample drying before implantation.
Tissue Processing
Eighteen days post-operation the implanted samples were retrieved together with the surrounding tissues and chemically fixed, dehydrated, and embedded in methylmethacrylate; sections of 600 µm in thickness were produced and taken with a 1000 µm-interval between two adjacent sections. The sections were thereafter glued to Plexiglas boards, polished down (sand paper) to 100 µm thickness, and then stained with McNeal's tetrachrome, toluidine blue O, and basic fuchsin, as described previously [15] .
Histomorphometry and Stereology
The histological sections were photographed at a final magnification of 200× under an Eclipse 50i light microscope (Nikon, Tokyo, Japan), and photographic subsampling was performed according to a systematic random-sampling protocol [33] . Using the photographic prints, the areas of the implants and the areas of newly-formed bone tissue were measured histomorophometrically using point counting methods [33] . Mineralized bone tissue (stained pink) and unmineralized bone tissue (light blue) (see Light micrographs of BMP-2/ACS constructs) were defined as newly-formed bone tissue; areas of collagen carrier material were measured the same way [34] .
Stereological Estimators
Volume Estimators. The preimplantation reference volumes of the collagenous carrier materials (n = 6) were estimated using the principle of Cavalieri [35] , as well as the final remaining total tissue volumes [33] at the end of the implantation time period (18 days). The degree of carrier degradation was computed by dividing the reference volume of carrier material at time point zero divided by the carrier material volume present at the end of the experiment. The areas of newly-formed bone tissue and remaining carrier materials were estimated at final magnifications of 200×, and were subsampled according to a systematic random protocol [33, 35] .
Numerical Estimators. Blood vessel area density and blood vessel numerical area density (number of blood vessel cross-sections per unit tissue area) (at 200× magnification) as well as macrophage numerical area densities (at 400× magnification) were estimated as previously described [33] .
Statistical Analysis
All data are presented as mean values together with the standard error (SE) of the mean. Differences between the experimental groups were analyzed using the one-way ANOVA-test. Statistical significance was defined as p < 0.05. Correlation coefficients were determined using the Pearson product-moment correlation coefficient. Significance of correlation was defined if p-values < 0.05 were obtained. All statistical analyses were performed with SPSS ® 21.0 software (SPSS, Chicago, IL, USA). The Bonferroni post-hoc test was implemented for data comparison purposes.
Results
The screening experiments revealed that the HA polymer of 48 kDa molecular weight was able to yield the highest osteogenesis activity, when applied at a concentration of 100 µg/mL (dosage volume: 20 µL) of HA (Figure 1) , and with an added BMP-2 amount of 10 µg (BMP-2 concentration in the solution: 1 µg/µL; BMP-solution-volume added: 10 µL/sample).
5, 10 and 20 µg BMP-2 resulted in a similar total volume of newly formed bone tissue, while no bone was detected with or without HA in the absence of BMP-2 ( Figure 2 ). The combined administration of HA significantly increased the volume of neoformed bone in the 10 µg BMP-2 group (p = 0.024) by approximately 100%. HA also increased new bone formation in the 20 µg BMP-2 group, which was, however, insignificant (p = 0.3). In the 5 µg BMP-2 group no such enhancement effect was observed.
The total construct volumes did not significantly differ among the groups without HA (Figure 3 ). However, among the groups with HA, the total construct volume of the 10 µg BMP-2 group in the presence of HA showed a significantly higher volume than the 5 µg BMP-2 group (p = 0.03) and 0 µg BMP-2 group (p = 0.007), respectively, but not the 20 µg BMP-2 group. Only the 10 µg BMP-2 group with HA resulted in a significantly higher total construct volume when compared to the time 0 (control group).
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The screening experiments revealed that the HA polymer of 48 kDa molecular weight was able to yield the highest osteogenesis activity, when applied at a concentration of 100 μg/mL (dosage volume: 20 μL) of HA (Figure 1) , and with an added BMP-2 amount of 10 μg (BMP-2 concentration in the solution: 1 μg/μL; BMP-solution-volume added: 10 μL/sample). The total construct volumes did not significantly differ among the groups without HA (Figure 3) . However, among the groups with HA, the total construct volume of the 10 μg BMP-2 group in the presence of HA showed a significantly higher volume than the 5 μg BMP-2 group (p = 0.03) and 0 μg BMP-2 group (p = 0.007), respectively, but not the 20 μg BMP-2 group. Only the 10 μg BMP-2 group with HA resulted in a significantly higher total construct volume when compared to the time 0 (control group). The total construct volumes did not significantly differ among the groups without HA (Figure 3 ). However, among the groups with HA, the total construct volume of the 10 μg BMP-2 group in the presence of HA showed a significantly higher volume than the 5 μg BMP-2 group (p = 0.03) and 0 μg BMP-2 group (p = 0.007), respectively, but not the 20 μg BMP-2 group. Only the 10 μg BMP-2 group with HA resulted in a significantly higher total construct volume when compared to the time 0 (control group). The volumes of remaining ACS showed a decreasing trend from the 0 µg BMP-2 group to the 10 µg BMP-2 group; the trend then reversed to the 20 µg BMP-2 group (Figure 4) . Computation of the coefficient of correlation between the first three dosages (0, 5, and 10 µg BMP-2) in the absence of HA revealed a value for r = −0.62 (p = 0.006), i.e., a significantly correlated trend was present; in the presence of HA and the same BMP-dosage groups, the correlation coefficient was r = −0.459 (p = 0.075). The combined administration of HA did not significantly influence remaining ACS volumes for each dosage group. The coefficients of variations (CV) and coefficients of errors (CE) varied between CV = 69% (CE = 35%) for the 0 µg BMP group with HA, and CV = 27.8% (CE = 13.9%) for the 10 µg BMP group without HA.
Polymers 2017, 9, 339 6 of 13
The volumes of remaining ACS showed a decreasing trend from the 0 μg BMP-2 group to the 10 μg BMP-2 group; the trend then reversed to the 20 μg BMP-2 group (Figure 4) . Computation of the coefficient of correlation between the first three dosages (0, 5, and 10 μg BMP-2) in the absence of HA revealed a value for r = −0.62 (p = 0.006), i.e., a significantly correlated trend was present; in the presence of HA and the same BMP-dosage groups, the correlation coefficient was r = −0.459 (p = 0.075). The combined administration of HA did not significantly influence remaining ACS volumes for each dosage group. The coefficients of variations (CV) and coefficients of errors (CE) varied between CV = 69% (CE = 35%) for the 0 μg BMP group with HA, and CV = 27.8% (CE = 13.9%) for the 10 μg BMP group without HA. No significant differences in numerical area density of macrophages were present among these groups ( Figure 5, Figure 7G ). The 10 μg BMP-2 group value also was found to be significantly higher than the number of cross-sectioned blood vessels per unit tissue area in the 20 μg BMP-2 exerimental group (p = 0.02); but it did not significantly differ compared to the group of 5 μg BMP-2+HA ( Figure  6 ). The combined administration of HA significantly promoted the the number of blood vessel in the 5 μg (p = 0.017) and 10 μg BMP-2 dosage groups (p = 0.0001), but not in the 20 μg BMP-2 group. No significant differences in numerical area density of macrophages were present among these groups ( Figure 5, Figure 6G ). The 10 µg BMP-2 group value also was found to be significantly higher than the number of cross-sectioned blood vessels per unit tissue area in the 20 µg BMP-2 exerimental group (p = 0.02); but it did not significantly differ compared to the group of 5 µg BMP-2+HA (Figure 7) . The combined administration of HA significantly promoted the the number of blood vessel in the 5 µg (p = 0.017) and 10 µg BMP-2 dosage groups (p = 0.0001), but not in the 20 µg BMP-2 group.
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Discussion
HA is one of the major physiological components of the extracellular matrix (ECM), in all the connective tissues of the body. It is involved in a number of major biological processes, such as tissue In the 10 μg BMP-2+HA group ( Figure 7A,C) , significantly less ACS and larger volumes of new bone were present when compared to the 10 μg BMP-2 group (Figure 7B,D) . The number of crosssectioned blood verssels was higher in Figure 7E than in Figure 7F , and that in Figure 7E the crosssection areas of the blood vessels are generally smaller. The computation of the average blood vessel cross-sectioned area, obtained by dividing the mean blood vessel areal density by the mean number of blood vessel cross-sections per area, revealed that the mean area per vessel for the 10 μg BMP-2 +HA group is 0.7 × 10 −4 mm 2 , and the mean area per blood vessel for the 10 μg BMP-2 group without HA is 2 × 10 −4 mm 2 ; thus, the mean cross-sectioned blood vessel area is about three times larger in the experimental group in the absence of HA than in the same BMP dosage group in the presence of HA. In addition, histological observation revealed that in the 10 μg BMP-2 group without HA, the typically observed patterns of carrier degradation and new bone formation differed: whereas bone formation activities generally occured throμghout the ACS carrier materials (see Figure 7A ), in the 10 μg BMP group in the absence of HA the new bone formation activities occured preferentially in the peripheral areas of the carrier materials ( Figure 7B) . However, the qualitiy of newly-formed bone tissue was found upon morphological examination to be the same in all experimental groups; in particular, the numerical density of osteoclasts appeared to be the same in all groups in which bone tissue had been generated, and no decline or change of the osteoclast numerical density was observed in any experimental group, in particular not in the 10 μg BMP group+HA group. In the 10 µg BMP-2+HA group ( Figure 6A,C) , significantly less ACS and larger volumes of new bone were present when compared to the 10 µg BMP-2 group (Figure 6B,D) . The number of cross-sectioned blood verssels was higher in Figure 6E than in Figure 6F , and that in Figure 6E the cross-section areas of the blood vessels are generally smaller. The computation of the average blood vessel cross-sectioned area, obtained by dividing the mean blood vessel areal density by the mean number of blood vessel cross-sections per area, revealed that the mean area per vessel for the 10 µg BMP-2 +HA group is 0.7 × 10 −4 mm 2 , and the mean area per blood vessel for the 10 µg BMP-2 group without HA is 2 × 10 −4 mm 2 ; thus, the mean cross-sectioned blood vessel area is about three times larger in the experimental group in the absence of HA than in the same BMP dosage group in the presence of HA. In addition, histological observation revealed that in the 10 µg BMP-2 group without HA, the typically observed patterns of carrier degradation and new bone formation differed: whereas bone formation activities generally occured throµghout the ACS carrier materials (see Figure 6A ), in the 10 µg BMP group in the absence of HA the new bone formation activities occured preferentially in the peripheral areas of the carrier materials ( Figure 6B) . However, the qualitiy of newly-formed bone tissue was found upon morphological examination to be the same in all experimental groups; in particular, the numerical density of osteoclasts appeared to be the same in all groups in which bone tissue had been generated, and no decline or change of the osteoclast numerical density was observed in any experimental group, in particular not in the 10 µg BMP group+HA group.
HA is one of the major physiological components of the extracellular matrix (ECM), in all the connective tissues of the body. It is involved in a number of major biological processes, such as tissue organization, wound healing, angiogenesis, and remodeling of skeletal tissues [36] [37] [38] . In addition, HA is polyanionic in nature and, therefore, capable of forming ionic bonds with cationic growth factors, such as BMPs, which seems to be of significance for clinical applications [38] . In this study, we found that the combined administration of HA could significantly enhance the osteogenic potential of BMP-2/ACS, allowing a minimized unwanted side-effects [7] .
Our extensive preliminary screening experiments revealed that an HA polymer length of about 48 kDa was of the optimal size range for the desired effect when used at a concentration of approximately 100 µg/mL. This might be because HA established, at these conditions, the optimal form of a gel, in which BMP-2 was most efficiently entrapped to optimally retain its bioactivity [39] . As a meshwork, HA might also reduce the free diffusion capabilites of BMP-2 and its flow, thus acting as a slow release system with an enhanced osteogenic activity potential [40] .
In the present study, HA, at the optimal specifications, clearly promoted the BMP-dependent osteogenesis activity (Figure 2 ). In addition, the total carrier volume (Figure 3 ) and the number of blood vessel cross-sections per unit area of tissue, were also the highest in the 10 µg BMP group+HA group ( Figure 6 ). Such effects were indeed absent in all other experimental groups without HA where the generated new bone mass did not even vary as a function of different BMP-2 dosage levels ( Figure 2) . The promoting effect of HA on new bone formation was only seen at dosages higher than the 10 µg BMP group (Figure 2) , which suggested that this group might thus lie in the range of a minimal BMP dosage needed for the desired effect of higher bone volume generation in the present conditions.
The inflammatory response to BMP-2/ACS, was found to be the same in all experimental groups ( Figure 5 ). The HA-dependent promoting effect for bone formation was unlikely attributed to a modification effect of HA on the inflammatory response. Instead, the HA-dependent facilitating effect on bone formation might be more likely associated with the degree of formation of new blood vessels, i.e., with the angiogenetic activity associated with the osteogenetic response. On one hand, we found that the number of cross-sectioned blood vessels was clearly the highest in the 10 µg BMP-2 group; on the other hand, this effect is clearly associated with the presence of a higher total surface area of blood vessel walls and, thus, of a larger blood vessel-wall associated perivascular tissue space, than when only fewer and thicker blood vessels are present; and it is indeed the peri-vascular tissue area that is the niche space carrying the pericytes and, thus, harbors the population of blood vessel associated adult stem cells of the mesenchymal type [41] ; these have been previously found and identified to be able to differentiate into bone forming osteoblasts [42] .
HA polymers showed an angiogenetic effect at specific polymer lengths [43] , and BMP-2 itself was also shown to have itself some angiogenetic activity [44] . In addition, HA could also facilitate the migration of the perivascular stem cells [45] from their original niche to distant sites within the newly-forming tissues. HA is well-known to stimulate signal transduction pathways [46, 47] that in turn facilitate cell locomotion [47] . Moreover, our data were also consistent with a recent study of Jungju Kim [48] : he found that BMP-2 activity was accompagnied only with the highest expression of osteocalcin and with a mature form of bone tissue with positive vascular markers (such as CD31 and vascular endothelial growth factors) when applied in the presence of HA, illustrating again that acitive angiogenesis was one of the key factors accounting for successful new bone formation [49] .
It should always be kept in mind that BMP-activity is also associated with the recruitment, formation, and activation of osteoclasts, leading to immediate bone resorption activities. In this study no significant variation of osteoclast density in the newly formed bone tissue compartments among the groups. Thus, it appears unlikely that a lower degree of bone resorption activity would be a significant factor in supporting the formation of higher bone volumes in the 10 µg BMP group. It was, indeed, the careful dosage that was needed for BMP-2 in order to work out the required balanced-dosage of minimizing the osteoclastogeneic effects of BMP-2 and maximizing the osteogenetic effects of this pleiomorphic growth factor as we recently illustrated in sheep [40] .
The clearly higher degree of blood vessel numbers and, thus, blood vessel wall surface area in the 10 µg BMP-2 group highly suggested that the HA-dependent osteogenic promotion effect of BMP-2 was related to a concomitantly associated increased angiogenetic activity. The fact that the total construct volume was also the largest one for the 10 µg BMP-2 group among all the experimental groups, supported this view since this large total construct volume was mainly due to the increased presence of bone tissue, and not to an increased volume of inflammatory area or swelling effect; moreover the volume of the residual ACS was indeed the smallest one in this group, both in relative ( Figure 4 ) and absolute terms (data not shown). The high degree of scatter of the mean values of the residual collagen in the experimental groups, represented by the coefficients of variations of these groups, was, however, fairly large, and again it was the smallest for the 10 µg BMP-2 groups ( Figure 4) ; the CE of the 10 µg BMP-2 group in the absence of HA was 13.9%, and in the presence of HA was 30.6%. We were, thus, unable to put forward a clear explanation for our finding, but we are inclined to assume that this result is associated with a more rapid and efficient degradation of the collagen carrier materials deposited. However, since the degree of inflammatory response was quite similar in all groups (Figure 5) , and no significant differences were encountered, it could be speculated that this phenomenon might be associated with a higher degree of osteolytic activity in this group; i.e., with a more rapid bone resorption activity in this group with the highest bone mass. There were, however, no indications found for the presence of higher numbers of osteoclasts in this group, and indeed the detailed morphological examination did not reveal any differences between groups in this respect. However, another possible (and more likely) explanation may be related to the more extensive angiogenetic activity encountered in this group: rapidly ingrowth and forming new blood vessels may be associated with the more efficient degradation of the collagen carrier materials, and indeed angiogenesis associated with tissue engineering approaches was previously described to be associated with such degradative activities [50] . Another indicator for favoring this hypothesis was the specific morphological pattern of new bone formation observed in this group: whereas, in all the other experimental groups, new bone tissue had formed mainly at the periphery of the constructs where probably most blood vessels were present, i.e., at the interface of the vascularized native tissue with the avascular construct (and bone tissue indeed does not form in the absence of a blood vasculature [51] ). This pattern of bone formation relating to an osteogenic construct using ACS as carrier was observed by us also in a recent study [15] . However, the 10 µg BMP-2 group is the only one in which bone formation activities occurred by a different pattern, namely throughout the carrier construct with blood vessels being present all the way through the construct at high numerical densities (Figure 7) . It appeared more probable that the more efficient degradation activities for the ACS (Figure 4) were associated with this more aggressive angiogenetic activity.
